Mem. S.A.It. Vol. , 1 
©SAIt 2008 



Memorie deiia " 




Stratification in polarization and Faraday 
rotation in the jet of 3C 120 

Jose L. Gomez 1 , Ivan Agudo 1 , Alan P. Marscher 2 , Svetlana G. Jorstad 2 and Mar 

Roca-Sogorb 1 

1 Instituto de Astroffsica de Andaluci'a, CSIC, Apartado 3004, 18080 Granada, Spain, e- 
mail: jlgomez@iaa.es; iagudo@iaa.es; mroca@iaa.es 

2 Institute for Astrophysical Research, Boston University, 725 Commonwealth Avenue, 
Boston, MA 02215, USA. e-mail: marscher@bu.edu; jorstad@bu.edu 



Abstract. Very long baseline interferometric observations of the radio galaxy 3C 120 show 
a systematic presence of gradients in Faraday rotation and degree of polarization across 
and along the jet. These are revealed by the passage of multiple superluminal components 
throughout the jet as they move out from the core in a sequence of 12 monthly polarimetric 
observations taken with the VLBA at 15, 22, and 43 GHz. The degree of polarization has 
an asymmetric profile in which the northern side of the jet is more highly polarized. The 
Faraday rotation measure is also stratified across the jet width, with larger values for the 
southern side. Superposed on this structure we find a localized region of high Faraday ro- 
tation measure (~ 6000 rad irT 2 ) between approximately 3 and 4 mas from the core. This 
region of enhanced Faraday rotation may result from the interaction of the jet with the am- 
bient medium, which may also explain the stratification in degree of polarization. The data 
are also consistent with a helical magnetic field in a two-fluid jet model, consisting of an 
inner emitting jet and a sheath of nonrelativistic electrons. 
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1. Introduction 

Helical magnetic fields may play an impor- 
tant role in the dynamics and emission of rel- 
ativistic jets in active galactic nuclei (AGN), 
specially i n the formation a nd collimation 
proce sses dKoide et al.l l2002t iMarscher et alJ 
2008). If jets are surrounded by a sheath of 
nonrelativistic electrons, it is possible to search 
for these helical magnetic fields by look- 
ing for Faraday rotation mea sure (RM) gra - 
dients across the jet (e.g., iBlandfordl 1993). 
Such gradients have been observed across 



the jet in 3C 273 (lAsada et all 1200: 
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- - 2(XW: 
I lAttridee et al. 12005) 
and other sources (e.g.. iGabuzda et al1l2004l) . 
howe ver they do not seem to be a universal fea- 
ture (IZavala & Taylorll2003l) . 

Thanks to its proximity (z = 0.033), 
Very Long Baseline Array (VLBA) observa- 
tions of the radio galaxy 3C 120 are capa- 
ble of resolving the jet across its width, re- 
vealing a ve ry rich structure in t otal and po 



larized flux ( Gomez et al 
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Fig. 1. Map of the mean value of the rotation measure across epochs. Data with standard deviation larger 
than 1000 rad mr 2 were discarded. Bars indicate the mean value of the RM-corrected EVPAs, with all 
displayed pixels having a standard deviation smaller than 30° (96% under 20°). Contours show the 22 GHz 
total intensity at epoch 2001.00 for reference. The thick lines indicate the direction of the slices shown in 
Fig. El 



2005; Marsch er et af]l2002il2007h . In addition, 
evidence for the presence of a helical magnetic 
field has been found in 3C 120 by analyzing 
the motion and polarization of superluminal 
comp onents dGomez et alj|200lt lHardee et alj 
120051) . 

2. Observations 

The observations (Gom ez et al. I 120081) were 
made with the 10 antennas of the VLB A at 
the standard frequencies of 15, 22, and 43 
GHz, covering a total of 12 epochs: 2000 
December 30, 2001 February 1, 2001 March 
5, 2001 April 1, 2001 May 7, 2001 June 8, 
2001 July 7, 2001 August 9, 2001 September 
9, 2001 October 11, 2001 November 10, 
and 2001 December 13. The absolute phase 
offset between the right- and left-circularly 
polarized data, which determines the elec- 
tric vector position angle (EVPA), was ob- 
tained by comparison of the integrated polar- 
ization of the VLBA images of several cal- 
ibrators (0420-014, OJ 287, BL Lac, and 
3C 454.3) with VLA observations at epochs 
2000 December 31, 2001 February 3, 2001 
March 4, 2001 April 6, 2001 May 11, 2001 



June 10, 2001 August 12, 2001 September 10, 
2001 October 12, 2001 November 6, and 2001 
December 15. Estimated errors in the orien- 
tation of the EVPAs usually lie in the range 
of 5°-7°. Comparison of the D-terms across 
epochs provi des an alternative c alibration of 
the EVPAs dGomez et all 120021) . which was 
found to be consistent with that obtained by 
comparison with the VLA data. 



3. Faraday rotation and polarization 
gradients 

We have computed rotation mea sure maps at 
each e poch from the EVPA maps ( Gome z et alj 
2008), obtaining excellent fits to a A 2 law of the 
EVPAs throughout the jet. Multiple superlumi- 
nal components, with proper motions of the or- 
der of ~ 2 mas yr , sample the RM throughout 
the jet as they move out from the core. This al- 
lows derivation of the rotation measure image 
of Fig.Q]by computing the mean value of the 
rotation measure maps at each pixel. Figure Q] 
reveals a localized region of enhanced rotation 
measure at a distance from the core of ~ 3 mas, 
with a peak of ~ 6000 rad m" 2 . 
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Fig. 2. Map of the mean value of the degree of 
polarization at 15 GHz obtained by combining the 
data at all observed epochs. Total intensity contours 
(epoch 2001.86) are overlaid at 0.68, 1.4, 3.0, 6.3, 
13, 28, 59, 125, 263, and 556 mjy beanT 1 . The 
restoring beam of 1.14x0.54 mas at position angle 
-1.3° is shown in the lower left corner. The thick 
lines indicate the direction of the slices shown in 
Fig. 



Figure [2] shows the mean value of the de- 
gree of polarization (m) at 15 GHz, revealing a 
clear stratification in polarization across the jet 
width, with significantly larger values on the 
northern side of the jet, also present at 22 and 
43 GHz dGomez et al.ll2008l) . Figure [3] shows 
slices across and along the jet of the rotation 
measure and degree of polarization at 15 and 
43 GHz. A transverse stratification in the ro- 
tation measure appears in Fig|3^, with larger 
values on the southern side of the jet. 

The transverse profile of m suggests a pro- 
gressive reordering of the magnetic field (as 
integrated along the line of sight) toward the 
jet edges. This is consistent with the pres- 
ence of a helical magnetic field and/or a shear 
layer produced by the inte raction of t he jet 
with the external m edium dAlov et al.l 120001 : 
Lyuti kov et al.l l2005). A helical magnetic field 
could also explain the observed asymmetry in 
the m profile, and is in agreement with the ob- 
served transverse profile of RM. 

By comparing the transverse profiles of m 
and RM (Fig. [3^) we find that there is not a 
strong dependence of m on RM and frequency, 
as exp ected for the case of internal Faraday ro- 
tation dBurn|H96q) . Hence, although we can- 
not rule out some internal Faraday depolariza- 
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Fig. 3. Degree of polarization and rotation measure 
slices across (a; top) and along (b; bottom) the jet, as 
shown by the thick lines of Figs.Q]and[2] The arrow 
indicates the location at which both slices intersect. 

tion, the transverse profiles of m and RM are 
more consistent with an external RM screen. 
In this case a two-fluid model, with an inter- 
nal emitting jet and a sheath of thermal elec- 
trons, both immersed in a helical magnetic 
field, could provide an interpretation for the 
observed transverse profiles of m and RM. The 
RM-corrected EVPAs, predominantly perpen- 
dicular to the jet axis (Fig. [TJ, require a domi- 
nant poloidal (as measured in the frame of the 
j et fluid) magnetic fi eld in the emitting region 
dLvutikov et al.ll2005l) . 

The longitudinal profile (Fig. [3t>) shows a 
progressive increase in m with distance along 
the jet, from an unpolarized core to 15-20% 
beyond ~8 mas. The low polarization and its 
strong dependence on frequency in the inner jet 
regions (<3 mas) may be related to opacity ef- 
fects, or caused by a very high and time/space 
variable RM (Gomez et al., in preparation ; 
see also lAttridge. Wardle. & Homanl 120051: 
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Ijorstad et alJl2007h . A progressive reordering 
of the magnetic field may be required to ex- 
plain the subsequent increase in degree of po- 
larization. 
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4. Interaction with the ambient 
medium 

Figure 03 reveals the longitudinal profile of 
the localized region of large RM shown in 
Fig. Q] The degree of polarization has a clear 
dependence with RM, suggesting that the de- 
cay is produced by Faraday depolarization. 
The rapid decrease in m implies that there may 
be some internal Faraday depolarization, but 
it is difficult to test without further informa- 
tion regarding the intrinsic values of m. This 
region is coincident in location, and has sim- 
ilar values o f the R M to those postulated by 
iGomez et al.l (120001) from two-frequency ob- 
servations. A local process, such as interaction 
of the jet with the external medium or a cloud, 
would be required in order to explain the ex- 
ist ence of this region, as previously suggested 
bv lGomez et al.l ( 2000I) . The observed Faraday 
rotation can originate from an ionized cloud 
along the line of sight that may also physically 
interact with the jet. Some internal Faraday de- 
polarization could also be expected if the jet 
partially entrains some of the thermal material 
of the external medium/cloud. 

Our observations therefore support the 
conclusion that interaction of the jet with the 
external medium causes the excess Faraday ro- 
tation, stratification in the degree of polariza- 
tion across the jet, and flux density flares of su- 
perluminal knots a few mas from the core. A 
helical magnetic field in a two-fluid jet model 
can be accommodated within this scenario, but 
by itself cannot explain the existence of the lo- 
calized Faraday rotation region. 
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